Abstract-Fiber Bragg gratings (FBGs) technology has demonstrated its suitability for many applications in recent fiber technologies. Sensing application is one of the main applications of FBGs. In this work, we present a comprehensive investigation for using apodized FBGs in sensing applications. Different evaluation parameters such as, reflectivity, sidelobes, and fullwidth-half-maximum (FWHM) are tested in order to determine the most proper apodization profile for sensors. According to our study, the Blackman apodization gives the best profile that can be used in sensing applications. The reflectivity of Blackman apodization is nearly unity with minimum sidelobes level, -60.3 dB, and narrow FWHM. The length of Blackman apodized FBG is 0.33 cm and Δn = 14.4 x 10 4 and maximum reflectivity is 99.44%.
and reduce the overall size.
With the significant discovery of photosensitivity in optical fibers, a new class of infiber component has been developed, called the fiber Bragg grating (FBG) [2, 3] . This device can perform many of the aforementioned primary functions, such as reflection and filtering in a highly efficient and low loss manner. FBG is a comparatively simple device and its most basic form consists of a periodic modulation of the index along the fiber core.
The main peak in the reflection spectrum of a finite length FBG with uniform modulation of the index of refraction is accompanied by a series of sidelobes at adjacent wavelengths. It is important in some applications to lower and, if possible, to eliminate the reflectivity of these sidelobes, or to apodize the reflection spectrum of the grating. For example, in dense wavelength division multiplexing (DWDM) it is important to have very high rejection of the nonresonant light in order to eliminate cross talks between information channels [4] , and therefore, apodization becomes absolutely necessary.
FBGs have been used in a myriad of applications such as, lasers [5, 6] , optical delay buffers [7] , filters [8] , and multiplexers/demultiplexers [9] . Furthermore, FBGs are extensively used for sensing applications [10] . In particular, FBG can sense strain and temperature with high accuracy conditioning that, it has high reflectivity, low sidelobes, and narrow full-width-half-maximum (FWHM).
Though apodization is a well known technique used in many FBG applications, few literature reviews deal with optimizing sensors performance using apodized FBG [11] [12] [13] . Also, earlier literature studies lack demonstrating the effect of large variety of apodization profiles on the performance of FBG-based sensors.
In this paper, we introduce a comprehensive study on the impact of using different apodization profiles (Uniform, Sine, Sinc, Gaussian, Hamming, Tanh, Bartlett, Blackman, Cauchy, and Raised sine) on the performance of FBG-based sensors. The performance evaluation parameters tested in this study are FBG reflectivity, sidelobes level, and FWHM.
II. BACKGROUND AND THEORY
FBG filter is defined as a periodic perturbation of the refractive index along the fiber axial, which is formed by exposing the fiber core to an intense ultraviolet (UV) optical interference pattern. FBG fabrication was first demonstrated by Hill et al. [3] . The authors experimentally demonstrated Investigating the Performance of Apodized Fiber Bragg Gratings for Sensing Applications I. Ashry 1, 4 , A. Elrashidi 2, 4 , A. Mahros 3, 4 , M. Alhaddad, and K. Elleithy A that the UV light at 248 nm could be used to form gratings that would reflect any wavelength by illuminating the fiber through the side of the cladding with two intersecting beams of UV laser lights. Reflectivity approaching 100% is possible, with the grating FWHM tailored from typically 0.1 nm to in excess of 100 nm [3] .
Consider a uniform FBG formed within the core of an optical fiber with an average refractive index n o . The refractive index profile, shown in Figure 1 , can be expressed as [3] : 2 ( ) cos ,
where ∆n represents the amplitude of the induced refractive index perturbation, z is the distance along the FBG longitudinal axis, and Λ denotes the grating spacing. The Bragg wavelength, λ B , is related to the effective grating index n eff as:
Using the coupled-mode theory, the reflectivity of the FBG is given by [3] :
where R(L, λ) represents the reflectivity function of the grating length L and wavelength λ, k denotes the absolute value of the coupling coefficient, δ represents the detuning from the Bragg wavelength, and
The absolute value of the coupling coefficient, k, for sinusoidal variation of index perturbation along the fiber axis is given by: where η is defined as the fraction of the fiber mode power contained within the fiber core. The sidelobes of the FBG may be removed by apodizing the grating. Apodization is a process of tapering the strength of the grating at either end so that the apparent refractive index change is gradual rather than abrupt such that ∆n(z), Eq. (1), is a slowly varying function with z, as shown in Figure 2 , and the reflectivity in this case can be calculated using the transfer matrix method [3] . The main apodization profiles considered in the present work are [6] :
The various apodization profiles are plotted in Figure 3 . 
III. RESULTS AND DISCUSSIONS
The performance of the different apodization profiles are tested based on investigating three different parameters; maximum reflectivity, sidelobes level, and FWHM. In this work, the simulations are performed for a single mode step index fiber of 1550 nm Bragg wavelength. The length of the used FBG is within the range of 0.1 cm to 1.9 cm and Δn is selected to be between 0.01 x 10 4 (weak grating) and 14.4 x 10 4 (strong grating). These values are selected to meet previous literature reviews [11] [12] [13] .
A. Maximum reflectivity
The maximum reflectivity of different apodization profiles is compared using constant L and Δn. In this section, we use L = 1 cm and Δn = 2 x 10 4 which provides maximum reflectivity of near unity for the uniform FBG. Using the transfer matrix method, we can get the reflectivity of each apodized FBG. It is observed that, apodization reduces the maximum reflectivity with respect to that of uniform FBG and this appears on the normal scale of reflectivity (Figure 4) . The maximum reflectivity of each apodization profile is summarized in Table 1 . The results in Table 1 show that, the Blackman apodization profile has the minimum value of maximum reflectivity among the remaining apodization profiles.
B. Sidelobes level
The sidelobes level of different apodization profiles are compared using constant L and Δn that are used in the A B previous section. The apodization has a significant impact on reducing the sidelobes found in uniform FBG. The sidelobes level reductions caused by different apodization profile are illustrated in Figure 5 , when the reflectivity is represented on logarithmic scale. Table 2 summarizes the values of the main sidelobe level of each apodization profile. The results in Table 2 show that, the Blackman profile is the best apodization method for reducing the sidelobes level.
C. Full-width-half-maximum
As mentioned previously, FBGs used for sensing applications should have high reflectivity, low sidelobes level, and narrow FWHM. The obtained results in the previous two sections show that, Blackman apodization profile has minimum level of sidelobes. However, its maximum reflectivity is the worst. As a result, we aim to increase the maximum reflectivity of the Blackman apodized FBG such that it becomes similar to the uniform FBG. Simultaneously, narrow FWHM is another target.
The maximum reflectivity value is found to be dependent on the fiber length and Δn. Figure 6 and Figure 7 show the change of the maximum reflectivity with L and Δn, simultaneously. As a result, in order to increase the maximum reflectivity of the Blackman apodized FBG, we can either increase the FBG length and/or Δn.
We first increase the length of the Blackman apodized FBG to be 1.9 cm, maximum value used in the literature, and changes Δn till the maximum reflectivity becomes 99.44% (maximum reflectivity of uniform FBG). Figure 8 (dashed blue line) illustrates the reflectivity of Blackman apodized FBG at L = 1.9 cm and Δn = 2.5 x 10 4 in which the maximum reflectivity is 99.44%. Figure 8 show that increasing the FBG length is better than increasing Δn. This because the longer FBG has narrower FWHM and low average sidelobes level. As a result, we conclude that, Blackman apodized FBG is the best apodization profile that can be used in sensing applications conditioning that its maximum reflectivity increases by increasing its length.
IV. CONCLUSION
In this paper, we present a comprehensive investigation of the performance of different apodization profiles that are used for sensing applications. The evaluation parameters used for comparing the apodization profiles are FBG reflectivity, sidelobes level, and FWHM. Blackman apodization is found to be the best profile to be used for sensing applications because its reflectivity can nearly reach unity with minimum sidelobes level and narrow FWHM. Blackman apodized FBG of 0.33 cm length and Δn = 14.4 x 10 4 can have maximum reflectivity of 99.44%.
